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This study compares the effect of different anions such as chloride, nitrate, and sulphate on the mercury
adsorption onto lignite, which was a model material for the humus-containing organics in soil, and can
be considered as a natural sorbent in the remediation of contaminated sites. Since the complex formation
can signiﬁcantly inﬂuence the mercury sorption, besides chloride, the effects of other complex-forming
agents such as ethylenediaminetetraacetic acid, and thiocyanate were also tested. Various batch type and
dynamic experiments were performed and four sorption models (Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich) were used to evaluate the sorption data.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
Mercury is one of the most toxic heavy metals to living organ-
isms and humans [1e5]. Soil can absorb signiﬁcant amounts of
mercury that is distributed between its solid, liquid and gas phases
and, speciﬁcally in the solid phase, mercury can be adsorbed onto
different components of the organic matter and minerals [6]. It is
well known that the high sorption capacity of the upper layer of soil
protects the deeper soil region from contamination and restricts
the mercury transport toward the underground water source.
Depending on the type of soil, the clay and humus content will be
the principal components responsible for the mercury retention.
The origin of surface organics is due to vegetation, therefore a
stabilized non-living biomass formation such as lignite was used as
a model compound instead of organic soil materials.
Speciﬁcally, lignite is an organic substance present in the early
stages of coaliﬁcation [7e11]. It has natural ion exchange properties
because of the presence of carboxylic, phenolic functional groups
attached to a highly cross-linked structure of aromatic compounds
as seen in Fig. 1 (adapted from Ref. [12]). The natural ion exchangetos).
Institute of Environmental
l Engineering, Taiwan. Production
d/4.0/).property of lignite depends on the number of sorption sites or
functionalities. Since lignite is a low-grade coal and has a high
oxygen content, it is expected that it would have a high sorption
capacity [13]. The carboxyl functional groups existing on the sur-
face of the solid are the most important sites involved in the ion-
exchange process. The carboxyl groups occur as metal carboxyl-
ates and the metal ion is readily exchanged with cations that have a
higher afﬁnity for the coal surface. Natural cation exchange capacity
of lignite can reach 0.5 meq g1.
The adsorption of metal ions on exchange sites of coal has been
attributed to reactions as illustrated by Eq. (1), where M denotes a
metal ion of charge n, M1 can mean that the cation (Ca2þ, Mg2þ,
Naþ, Kþ, Fe3þ, etc.) is the exchange site on the natural lignite, and
M2 represents the sorbed ion [13e16]:
coal

COO

n
Mnþ1 þMnþ2 4coal

COO

n
Mnþ2 þMnþ1 (1)
Besides the ion exchange, when the metal ion occupies a few
ligand positions on the sorbent surface, different complexes (often
chelates) can be formed. The order of decreasing afﬁnity of organic
functionalities (ligands) for metal ion bindings is approximately as
follows: eOe > eNH2 > eN]Ne > ]N > eCOO > eO > C]O,
while the stability of metal-humic complexes follows the
IrvingeWilliams series: Hg > Cu > Ni ¼ Zn > Co >Mn ¼ Cd > Ca >
Mg [17e22]. The complexing ability of humic and fulvic acids is due
to the large amounts of oxygen-containing functional groups, suchand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Fig. 1. Structural unit of lignite model (adapted from Ref. [12]).
Table 1
Composition data of different size fractions of Bükkabrany lignite.
Parameter
(w/w %)
Lignite (Bükkabrany)
0.063 < d < 0.25 mm
Lignite (Bükkabrany)
0.25 < d < 0.5 mm
Lignite (Bükkabrany)
0.5 < d < 1 mm
Humidity 6.5 7.0 7.0
Ash 19.5 20.7 15.9
C 50.8
H 5.0
N 0.9
S 2.7
I. Robles et al. / Sustainable Environment Research 26 (2016) 136e141 137as the eCOOH, phenolic eOH and eC]O groups that exist on the
surface of thesematerials. Low-molecular-weight compounds, such
as fulvic acids, bring about the solubilisation of metal ions and
affect their transport to plant roots. In contrast, high-molecular-
weight compounds (humic acids) can be considered as a “sink”
for polyvalent cations. Natural complexing agents are of consider-
able importance in weathering processes [23e26].
Mercury may be present in soil in three different oxidation
states, where the most reduced one is the metallic form of mercury
(Hg0). The other forms are ionic, mercurous ion (Hg2
2þ) and mer-
curic ion (Hg2þ). The mercurous ion is not stable since it dismutates
into Hg0 and Hg2þ. Pourbaix diagrams for mercury reported by
Schuster and Allard indicate that the existence of the forms of
inorganicmercury species depends on the function of pH and redox
potential [7,27].
Since Hg(II) has a high afﬁnity for forming ion associations and
complex ion formations, the present study was carried out to
elucidate adsorption parameters that inﬂuence the mercury
adsorption onto lignite using different counter-ions such as chlo-
ride, nitrate and sulphate. These results were also compared with
the uptake of copper. Some extracting agents were also used to
analyze how they affect mercury adsorption. The time and pH
dependence of Hg(II) adsorption were analyzed and theoretical
isotherm models were used to ﬁt adsorption results. Various batch
type and dynamic experiments were performed and four sorption
models (Langmuir, Freundlich, Temkin and Dubinin-Radushkevich)
were used to evaluate the sorption data.Sorbate AAS
for metal ions
VIS
for organic
molecules1
2
3
4
5
4
6
Fig. 2. Schematic of dynamic experiment of sorption (1: Sorbate solution container, 2:
Peristaltic pump, 3: Sorption column, 4: Sand ﬁlter bed, 5: Sorbent þ sand mixture
bed, 6: Fraction collector).2. Materials and methods
The lignite used in the investigation originated from an open pit
mine from Bükkabrany, Hungary. A few data characteristics of the
lignite, which was produced in three size fractions, are shown in
Table 1.
The counter-ions used in this study were chloride, nitrate and
sulphate. A stock solution of mercury and copper in distilled water
was prepared using mercury chloride (HgCl2) and copper chloride
(CuCl2$2H2O) both obtained from Reanal (Hungary) and mono-
hydrate mercury nitrate (Hg(NO3)2$H2O) and mercury sulphate
(HgSO4), both obtained from ACS Merck (Germany). In the study ofthe effect of the complexing agent ethylenediaminetetraacetic acid
(EDTA), potassium-thiocyanate (KSCN) and sodium chloride were
used; all of them obtained from Reanal. All the substances used
were reagent grade. In addition to mercury, copper was used in the
sorption study for comparison.
In the case of the investigation of time dependence of adsorp-
tion, 5 mM solutions of Cu(II) and Hg(II) were prepared in distilled
water. In the sorption tests, the solideliquid ratio was 1:50 (g:mL).
The batch type of tests was static, meaning the slurries were shaken
only once a day. The pH effect in the case of Hg(II) was studied using
a solution of HgCl2, Hg(NO3)2 and HgSO4. The pHwas set between 1
and 7 by the corresponding acids (hydrochloric-, nitric- and sul-
phuric-acids). In the tests, different mercury compounds such as
Hg(NO3)2, HgSO4 and HgCl2 at a 1 mM concentration were used.
Somedynamicexperimentsweredone inorder tocomparecopper
andmercury uptake on lignite because they have the same oxidation
number. The schematic of the dynamic test is shown in Fig. 2.
The effect of different complexing agents (e.g., chloride, thio-
cyanate and EDTA) was also investigated. Since the sorption in the
previous investigations was found to be a time-dependent process,
sorption as a function of time was also tested.
Mercury and copper concentrations were measured using a
Flame Atomic Absorption Spectrophotometer (PU 9100 Philips,
Amsterdam). All experiments were carried out at room
temperature.
3. Results and discussion
3.1. Sorbent characterization by Cu loading
Since, according to the literature, mercury sorption on organic
substances is expected to be a complex process, the sorption and
reduction of the sorbent was pretested for characterization pur-
poses by a non-reducing element such as Cu(II) ion. The sorption
isotherms were determined for each of the size fractions of lignite
using a static batch type experiment and 5 d of contact time. The
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Fig. 4. Adsorption isotherms of Cu(II) on different size fractions of lignite (Bükkabrany,
Hungary). Initial Cu(II) ion concentration: 5 mM, contact time 5 d, solid liquid ratio
1:50, initial pH 7.
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I. Robles et al. / Sustainable Environment Research 26 (2016) 136e141138preliminary test has shown that four days are sufﬁcient to reach
equilibrium (Fig. 3). The difference between the isotherms was
found to be marginal as seen in Fig. 4. Fig. 5 demonstrates the Cu(II)
sorption at dynamic conditions. Since the ﬂow rate of the solution
was constant, the effects of particle size are clearly visible on the
breakthrough curve. Based on the isotherms and the break-through
curve, it is possible to compare the sorption capacities. These are
summarized in Table 2.
The breakthrough capacity agrees well with the capacity
calculated from the isotherm if the breakthrough curve is vertical.
In the other case, the breakthrough capacity is only a portion of the
total capacity. In this case, the total capacity can be determined by
the integration of the area above the entire breakthrough curve.
The capacity of the isotherm was calculated by the two-surface
Langmuir method, which distinguished which capacity belonged
to the strong sorption sites andwhich to theweak ones, and the last
one appeared as the difference of the total capacity and the capacity
belongs to the strong sites [28,29]. The dynamic total capacity and
the static total capacity calculated from the isotherms show rela-
tively good agreement.
3.2. Effect of the counter-ion on the characteristics of mercury
loading on lignite
The time dependence of mercury adsorption on lignite was
analyzed using HgCl2, Hg(NO3)2 and HgSO4 solutions where the
initial and ending concentrations after 1, 2, 12 and 30 d were
measured as seen in Fig. 6. As shown, the mercury adsorption on
lignite is not independent from the type of the counter-ions used.
The nitrate and sulphate ions behave similarly, and equilibriumwas
reached faster than in the chloride case. The difference can prob-
ably be related to the species formed from nitrate, sulphate and
chloride in the solution after the salts were dissolved. The differ-
ences of existing species at deﬁned conditions can be obtained from
the Pourbaix diagram of mercury [30,31].
3.3. Mercury sorption isotherms
To determine of the mercury adsorption capacity of lignite at
equilibrium similarly as in case of Cu(II), the adsorption isotherms0 20 40 60 80 100 120 140 160 180
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Fig. 3. Time dependence of Cu(II) ion sorption on different size fractions of lignite
(Bükkabrany, Hungary). Initial Cu(II) ion concentration: 5 mM, contact time 5 d, solid
liquid ratio 1:50, initial pH 7.
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Fig. 5. Dynamic test of Cu(II)-ion sorption on different size fractions of lignite. Initial
Cu(II) ion concentration: 5 mM, contact time 5 d, solid liquid ratio 1:50, initial pH 7.were determined (Fig. 7) and dynamic sorption tests were carried
out (Fig. 8). Fig. 7 shows the comparison of adsorption isotherms of
HgCl2 and CuCl2 on lignite. The data calculated from the static and
dynamic experiments are compared in Table 3. The ﬁttings of the
data to the adsorption isotherm models are shown in Table 4.
Comparison of the mercury chloride and mercury nitrate sorption
breakthrough curves shows that nearly twice amount of the mer-
cury nitrate is retarded due to the larger instability of this com-
pound form. The breakthrough capacity for HgCl2 was the same as
the static sorption capacity on the strong size, similarly as was
found in the case of copper.
The data in Table 4 show the parameters obtained with different
models, where Ce [M] represents the equilibrium concentration of
adsorbate; qe [mol g1], the amount of metal adsorbed per gram of
the adsorbent at equilibrium, Q0 themaximummonolayer coverage
capacity, b the Langmuir isotherm constant, n is the adsorption
intensity, KF the Freundlich isotherm constant related to adsorption
Table 2
Comparison of Cu(II) sorption capacities determined from isotherms and dynamic sorption tests.
Determined sorption capacity, mM g1 Size fraction of lignite, mm
0.065 < d < 0.25 0.25 < d < 0.5 0.5 < d < 1.0
Dynamic (Breakthrough capacity) 0.44 0.31 0.24
Dynamic (Total capacity) 0.54 0.59 0.56
Static (Capacity of strong sites of sorption from isotherm) 0.41
Static (Total sorption capacity from isotherm) 0.64
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Fig. 6. Time dependence of mercury adsorption on lignite. Initial Hg concentration:
1 mM, solid liquid ratio 1:500, initial pH 7.
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Fig. 8. Dynamic test of Cu(II) and Hg(II) ions sorption. Column package: silica sand
mixed with Lignite (Bükkabrany, Hungary), 2 g Lignite in 20 g sand. Initial ion con-
centration: 5 mM, initial pH 7.
I. Robles et al. / Sustainable Environment Research 26 (2016) 136e141 139capacity, B is a constant related to the heat of sorption, AT the
Tempkin isotherm equilibrium binding constant, Kad represents the
free energy of sorption per mol of the sorbate, while qs is the
theoretical isotherm saturation capacity [32e34].
As can be seen in Table 4, concerning the g value, almost the
entire studied model ﬁt well with R2 found to be above 0.90.
However, the Langmuir isotherm model ﬁt better for both mercury
salts used to evaluate the chloride and nitrate counter-ions. A0 2 4 6 8 10 12 14
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Fig. 7. Adsorption isotherms of mercury and copper on lignite. Initial Hg concentra-
tion: 1 mM, contact time 5 d, solid liquid ratio 1:50, initial pH 7.similar result was reported in the literature, where Manohar et al.
[35] reported that mercury adsorption on 2-mercaptobenzimidasol
clay followed the Langmuir isothermmodel. Kluçakova and Omelka
[15] analyzed the adsorption of Co, Ni and Cu on lignite and also
found that it followed the Langmuir model. Similar ﬁndings were
also reported by Sari and Tuzen [14].
3.4. Effect of pH
Surfaces of soil minerals due to the unequal ion substitution in
the crystal lattice can be negatively charged and this charge is
generally neutralized by ion loading. Other soil components have
weak acidic sites which can bind positively charged ions after
dissociation. The protonation in the acidic medium can result in a
positively charged surface which is able to bind the negatively
charged species (e.g., anions or complex anions). Due to the surface
and the sorbate species pH sensitivity, a complex evaluation is
necessary to understand the effect of pH on the sorption.Table 3
Comparison of Hg(II) sorption capacities determined from isotherms and dynamic
sorption tests. C (acid):0.001 M.
Determined sorption capacity, mM g1 Mercury counter-ion
Cl NO3

Dynamic (Breakthrough capacity) 0.31 1.05
Dynamic (Total capacity) 0.66 1.41
Static (Capacity of strong sorption
from isotherm)
0.39 e
Static (Total sorption capacity from isotherm) 0.58 e
Table 4
Isotherms model ﬁtting of mercury adsorption on lignite.
Model Equation Lineal form HgCl2 CuCl2
Fitting (R2) Parameters Fitting (R2) Parameters
Langmuir qe ¼ Q0bCe1þCe
Ce
qe
¼ 1bQ0 þ
Ce
Q0
0.980 Q0 ¼ 4.78  104 mol g1 0.998 Q0 ¼ 6.5  104 mol g1
b ¼ 1036.18 L mol1 b ¼ 1986.03 L mol1
Freundlich qe ¼ KFC1=ne log qe ¼ log KF þ 1n log Ce 0.906 n ¼ 2.46 0.947 n ¼ 6.038
KF ¼ 0.003 mol g1 KF ¼ 0.001 mol g1
Temkin qe ¼ B ln AT Ce qe ¼ B ln AT þ B ln Ce 0.936 B ¼ 6.52  105 J mol1 0.983 B ¼ 7.00  105 J mol1
Ln AT ¼ 10.76 Ln AT ¼ 12.27
DH ¼ 6.52  108 kJ mol1 DH ¼ 7.00  108 kJ mol1
Dubinin-Radushkevich qe ¼ qs expðKadÞε2 ln qe ¼ ln qs  ðKadε2Þ 0.903 Kad ¼ 4.49  109 mol2 kJ2 0.984 Kad ¼ 2.44  109 mol2 kJ2
qs ¼ 7.30  104 mol g1 qs ¼ 7.38  104 mol g1
I. Robles et al. / Sustainable Environment Research 26 (2016) 136e141140Generally, metals can be moved easily at acidic pH values, like
free ionic species, on the other hand at alkaline pH values,
hydroxides, carbonates and phosphates can form as insoluble
compounds [15,16]. The pH effect was analysed at pH ¼ 7 (which is
the typical fertile soil condition), and pH 5, 4, 3, 2 and 1 (Fig. 9),
where the last few cases can represent acidic mine drainage. Since
HgSO4 solubility decreases signiﬁcantly with the increased con-
centration of H2SO4, it was not possible to analyse its effect. In the
case of HgCl2, when the HCl is added to the solution, besides the pH
change, the chloride ion concentration also will change. Consid-
ering that mercury has chloro-complexes, the effect it has will not
be a purely pH effect.
Fig. 9 shows the pH effect on mercury adsorption on lignite
using chloride and nitrate counter-ions at room temperature. Our
ﬁnding has a good correlation to the data of Inbaraj et al. [36]. Fig. 9
shows that the sorbent is able to remove Hg(II) from acidic solution,
where the equilibrium pHs govern sorption and not the initial pHs
in the presence of nitrate counter-ions, by the increase of sorption
efﬁciency from 80% at pH ¼ 1 to close to 100% after pH ¼ 2. In
contrast, with the presence of chloride counter-ions in solution, the
sorption shows a different character withminor sorption efﬁciency.
This behaviour could be attributed to the mercury-chloro-
complexes (HgClþ, HgCl2, HgCl3
, HgCl4
2, HgClOH [1,15]) which
can form in the solution if chloride ions are present.
Differences found in this ﬁgure are attributed to the species
formed in the solution in the presence of eOH and Cl ions. This
behaviour was reported by Afaneh et al. who demonstrated that the1 2 3 4 5 7
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Fig. 9. pH effect on mercury adsorption on lignite using chloride and nitrate counter-
ions at room temperature, pH was set by the appropriate acid. Initial Hg concentration:
10 mM, contact time 2 d, solid liquid ratio 1:50.speciation of mercury has been inﬂuenced by pH and chloride ion
concentration [37].3.5. Effect of complexing agent
Previous results show that mercury can be adsorbed efﬁciently
on lignite, or soil organic matter. The further question is how this
sorption is inﬂuenced by the formation of mercury complexes
which can form with the chloride ions that are present in the soil
solutions. Moreover, plants and, during the remediation process,
humans can introduce complexing agentswhich can also react with
the mercury. To study this situation, a comparison of mercury
adsorbed from the solutions containing NaCl, KSCN and EDTA as
complexing agents was performed. NaCl was used as the source of
Cl‾ ions for the chloro-complexes formation [12,16,17,38e40]. In
the case of EDTA and KSCN, the comparison was obvious since it
was previously reported that when using them for mercury
extraction, the highest efﬁciency of mercury recovery [41] was
achieved due to the highest formation constants [16,39e42]. If the
complexing ligands are ﬁxed to the immobile soil phase, it may
increase metal retention. The ligands that are present in the solu-
tion phase can hinder the mercury sorption, or greatly increase the
metal mobility and provide the opportunity for mercury extraction
from contaminated soils [41]. The effects of NaCl, KSCN and EDTA
on the mercury sorption on lignite were compared in Fig. 10. Fig. 10
shows that NaCl had the lowest adsorption effect. The effect
improved in the case of KSCN andwas found to be the highest in the
case of EDTA. The effect of size follows the sequence of theNaCl KSCN EDTA
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Fig. 10. Effect of complexing agents on the sorption of mercury on lignite. Initial Hg
concentration: 1 mM, contact time 2 d, solid liquid ratio 1:50, and pH ¼ 7.
Table 5
Dimensionless formation constants for mercury (II) complexes at 298 K
[43].
Reaction Ligand
Cl SCN EDTA
Hg2þðaqÞ þ 4XðaqÞ ¼ HgX24ðaqÞb4 1.3  10
15 5.0  1021 6.3  1021
I. Robles et al. / Sustainable Environment Research 26 (2016) 136e141 141formation constant of mercury complexes as seen in Table 5. In the
presence of complexing agents HgCl4
2, HgðSCNÞ42 and [Hg-
EDTA]2, complex ion formation can be expected [43].
4. Conclusions
Lignite, as the model for soil organic compounds, was investi-
gated for the purpose of mercury adsorption. The sorption capacity
of lignite was found to be similar for CuCl2 and for HgCl2, but
different for Hg(NO3)2 which can be explained if one presumes
hydrolysis in the case of Hg(NO3)2. The effect of pH was analyzed
and results showed that the sorption became less efﬁcient at lower
pH and had some differences between the mercury chloride and
nitrate cases. Isotherms were found to follow the Langmuir model
the best. Finally, in the case of analysis of the complexing agents, it
was observed that complexing agents decrease the sorption, thus
these compounds can be used for mercury remediation. The sorp-
tion was found to be less effective in the presence of EDTA. This
ﬁnding was found to correlate well with the formation constant of
the complexes.
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